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Graphene nanoribbons synthesized using bottom-up approaches can

be structured with atomic precision, allowing their physical properties

to be precisely controlled. For applications in quantum technology, the
manipulation of single charges, spins or photonsis required. However,
achieving this at the level of single graphene nanoribbons is experimentally
challenging due to the difficulty of contacting individual nanoribbons,
particularly on-surface synthesized ones. Here we report the contacting and
electrical characterization of on-surface synthesized graphene nanoribbons
inamultigate device architecture using single-walled carbon nanotubes
astheelectrodes. The approach relies on the self-aligned nature of both
nanotubes, which have diameters as small as 1 nm, and the nanoribbon
growth on their respective growth substrates. The resulting nanoribbon-
nanotube devices exhibit quantum transport phenomena—including
Coulomb blockade, excited states of vibrational origin and Franck-Condon
blockade—that indicate the contacting of individual graphene nanoribbons.

Bottom-up synthesized graphene nanoribbons (GNRs) are a tunable
class of quantum material with a wide range of electronic, magnetic
and optical properties, including variable bandgaps, single-photon
emission and spin-polarized/topologically protected states' . Such
materials offer greater chemical flexibility than those fabricated using
top-down approaches®, where control over width and edge morphology
islimited and canlead to additional localized states induced by disorder
at the edges. Using the materials to make quantum devices requires
control over their chemical structure, and their integrationinto device

architectures’®. The integration and contacting of an individual GNR
with atomic precision could, for example, be used to create semicon-
ducting quantum dots (QDs) that trap individual charges and their
associated spins. These could be used to create charge or spin qubits,
as well as single-photon emitters.

Contactingindividual GNRs—particularly on-surface synthesized
ones—is, however, a challenging task>”®, Bottom-up synthesized GNRs
have previously been contacted using different approaches (Fig.1a,b),
with the electrode material either a noble metal (gold, platinum or
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Physical size of transistors from bottom-up GNRs
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Fig.1|Size scaling inbottom-up GNR-based transistors with various
geometries. a, Comparison of the physical size of transistors from GNRs

with different contact strategies: metal electrodes’'® (orange), EBL-defined
graphene electrodes” (blue), EB-formed graphene electrodes? ™ (green) and
EBL-defined SWNT electrode (red; this work). The squares represent surface-
polymerized GNRs in an ultrahigh vacuum; the triangles represent solution-
polymerized GNRs; the circles represent CVD-synthesized GNRs. b, Schematic of
the transistors of typical bottom-up GNR transistors with metal electrodes (left),
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EBL-defined graphene electrodes (middle) and EB-formed graphene electrodes
(right). ¢, Ultimately scaled SWNT electrodes for contacting bottom-up GNRs.
Schematic of the ultrahigh vacuum (UHV)-synthesized GNR array parallel to
the Au(788) terraces (top left). Schematic of the parallel SWNT electrode array
onaSiO,substrate (top right). Schematic of a single-GNR-based transistor with
SWNTs as ultimately scaled electrodes (bottom). For clarity, only the GNRs
closest to the nanogap are shown.

palladium)’® or graphene" . Electrodes can be fabricated before
or after the GNR transfer, referred to as ‘GNR-last’ and ‘GNR-first’
approaches, respectively. The GNR-first approach is the preferred
method for ultrashort channel lengths when metallic electrodes are
used’'®, The metallic electrodes are created using electron-beam
lithography (EBL) techniques that can cause contaminationand dam-
agetothe GNRs during the fabrication process (Fig. 1b, left). Graphene
isan appealingalternative because itis naturally atomically flat, making
it optimally suited for the GNR-last approach. Graphene electrodes
are either defined using EBL-defined nanogaps'®* (Fig. 1b, middle) or
formed usingthe electrical breakdown (EB) method that resultsin ultra-
narrow nanogaps in the range of 1-5 nm (refs. 22-25) (Fig. 1b, right).

However, for both metallic and graphene electrodes, it is still
challenging to contact an individual GNR because of their intrinsi-
cally small width and lateral separation (Fig. 1a), typically of the order
of 1-2 nm, which is below the capabilities of state-of-the-art EBL?**
(Fig. 1a; grey dashed lines). The inter-ribbon separation distance
between the GNRs could instead be increased, but this is usually
achieved by reducing the amount of precursor molecules on the growth
substrate and leads to shorter GNRs?,

Individual GNRs have previously been contacted using
graphene-based breakdown gaps. However, this method yields
ill-defined electrode geometries and only works for very short GNRs
that are comparable with electrode separation (around 5 nm). Longer
GNRs allow for the creation of superlattices in which localized states
or spins are periodically placed along the GNRs, making it possible to
engineer spin chains® or topologically protected states®. In such GNRs,
it may be desirable to have the functional part located in between the
electrodes, rather than ontop of the electrodes. However, as the GNR
lengths increase, the probability of the electrodes bridging multiple
GNRs also increases. Moreover, the lack of precise control over the
nanogap location prevents creating devices with multiple gates, which
isrequired for the control of multi-QD systems.

Currently, long GNRs have only been contacted using graphene
or metal electrodes where bridging of multiple GNRs, both in paral-
lel and series, is likely. This leads to the formation of irregular and
non-closing Coulomb diamonds*°, making the exploitation of the
electronic structure of a single GNR for device applications challeng-
ing. Therefore, alternative contacting methods for long GNRs, such as
one-dimensional electrodes™, are required.

In this Article, we report the contacting of individual on-surface
synthesized long GNRs in a multigate transistor geometry using
single-walled carbon nanotube (SWNT) electrodes (Fig. 1c). Our
approachrelies on the self-aligned nature of both SWNTs, which have
diameters assmallas1nm,and GNRgrowth ontheirrespective growth
substrate. The assembly of SWNT-GNR-SWNT devices is verified from
the spectroscopy data of the molecular levels performed at cryogenic
temperature, which shows several features that are characteristic of
transport through an individual GNR, such as Coulomb blockade,
presence of vibrational modes in the single-electron tunnelling (SET)
regime and Franck-Condon blockade. The multiple gates also allow
the conductivity of the GNRs and SWNT electrodes to be individu-
ally tuned, as well as for the origin of the different states observed in
the spectroscopic measurements to be identified. The ability to con-
tact long GNRs precisely in a multigate architecture could enable the
control of double- or multiple-QD systems in the future.

Device design

The studied devices (Fig. 2) consist of a pair of SWNT electrodes sepa-
rated by 15-25 nm. Below the nanogap, a100-nm-wide Cr/Pt finger
gate (FG) isfine patterned alongside the two side gates (SGl1and SG2).
Multiple gates arerequired for controlling the density of states (DOS)
ofthe SWNT leads. Due to quantum confinement of the charge carriers
asaresultof the one-dimensional nature of the SWNTSs, sharp peak-like
Van Hove singularities appear at the onset of each sub-band®**. In
addition, SWNTs come in two types: metallic SWNTs (M-SWNTs) and
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Fig.2|Multigate 9-AGNR transistors with SWNT electrodes. a, Electronic
dispersion relation of a representative M-SWNT (7,7) with sub-bands and zero
bandgaps (left). lllustration of the discrete energy levels of the GNR and sharp
DOSinthe two SWNT electrodes (right). The sharp DOS peaks exhibit Van Hove
singularities, which are associated with the sub-bands of the SWNT. Note that
we indicate the barriers between the left SWNT electrode and GNR, and between
theright SWNT electrode and GNR. The asymmetrical barriers are illustrated

in practice. b, Similarillustration as a for a representative S-SWNT (7,6) with
the same diameter as the M-SWNT in a. It has relatively more dense Van Hove
singularities in the DOS and a finite bandgap. The electronic dispersion and
DOS for SWNTs (7,7) and (7,6) are adapted from another work®. Note that the
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chiralities of the SWNTs used for this work were not determined. ¢, Schematic of
the device, including the measurement circuit. d, Optical image of a device with
an overlay of the G-peak Raman intensity map coloured inred (532 nm laser,

1 mW power and 1sintegration time). Scale bar, 10 um. e, Topographic AFM
image showing the SWNT electrodes and gate layout of the device. High-
resolution AFM characterization of a representative SWNT nanogap (-20 nm)
defined by EBL (left). Scale bar, 20 nm. Topography profile across the SWNT
(blue solid line) and gate electrodes (red solid line) with a 30 nm atomic-layer-
deposited Al,O, layer on top (middle). Scale bar, 100 nm. Profiles (blue and red
solid lines) are taken along the blue and red dotted lines in the corresponding
AFMimage, respectively (right).

semiconducting SWNTSs (S-SWNTs). Although M-SWNTs exhibit a
flat and non-zero DOS around the Fermi energy, their semiconduct-
ing counterparts have a sizable bandgap. Figure 2a,b illustrates the
band diagrams of the SWNT-GNR-SWNT junctions with the discrete
energy levels of the GNR and the Van Hove singularities in the DOS of
the M-SWNT and S-SWNT leads, respectively. The multiple gates are
separated from the junction by a30-nm-thick Al,O, layer. A film of GNRs
is then transferred on top of the device substrate. Figure 2c shows a
schematic of the device. A detailed description of the materials and
fabricationprocessis providedin Methods and Supplementary Section 1.

Figure 2d shows an optical image of arepresentative device, with
three gates and source/drain contacts. The Raman intensity map of
the G peakis presented as ared overlay in this figure, highlighting the
presence of the uniaxially aligned SWNT array, with a single SWNT
bridging the metallic source/drain contacts. Figure 2e shows anatomic
force microscopy (AFM) image of the device focusing on the gate
structure and SWNT electrodes. A high-resolution AFM image of the
SWNT nanogap is presented in the inset of this figure, showing a gap
size of ~20.0 nm and SWNT diameter of 1.3 nm. Supplementary Section
1.1shows more characterizations of the SWNT diameters. Asthe SWNT
diameter is of asimilar size as the GNR width, we anticipate that one—or
atthe most, two—GNRs can make contact to a pair of SWNT electrodes.

In total, eight chips were characterized, five with the mul-
tigate architecture and three with a single back gate, for a total of
~2,500 devices (this number only includes devices on which GNRs
were transferred, not those present on the chips but located outside
the area covered by the GNR films). Among them, ~600 SWNT transis-
tors were functional at room temperature, as assessed by electrical

characterization, before the nanogap formation. After the nanogap
formation, 360 devices showed clearly separated SWNT electrodes,
with currentslower than10 pA at1V. After the GNR transfer, 41 of those
devices showed a gate-modulated current. GNR films are known to
conductat roomtemperature, and therefore, these devices cannot be
solely attributed to nanogaps containing only individual GNRs. How-
ever, as film transport is temperature activated, it is easily suppressed
by cooling down the sample to cryogenic temperatures. At tempera-
tures below 9 K, 12 devices showed QD behaviour. This correspondstoa
yield of 3.3% when considering only the number of nanogaps that were
wellformed before the GNR transfer. Methods provides details about
the electrical characterization. Supplementary Section 1.3 provides
the typical current-voltage characteristics and gate sweep at room
temperature, showing that the GNRs behave as p-type semiconductors,
inagreement with previous results”.

Inthe following sections, we discuss QD devicesbased on M-SWNT
leads (devices D3 and D6) and S-SWNT leads (D7), all of which were
obtained using the multigate architecture and characterized atabase
temperature of 255 mK using a *He system. Additional devices, either
based on the global back-gate (Supplementary Section 2; D1) or mul-
tigate (Supplementary Section 3; D4, D5 and D8) architecture, are
presented in the Supplementary Information.

Multigate devices with M-SWNT leads

Figure 3a,b presents the transport data for D3 with a pair of M-SWNT
leads. Figure 3a shows the differential conductance (d//dV) as a func-
tion of Vigand Vg, (the so-called stability diagram) for fixed side-gate
voltages of Vg, = Vg, =4 V. For the given gate voltage range, several
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Fig.3|Electron transportin 9-AGNR transistors (D3 and D6) withM-SWNT
leads. a,b, Single-electron charging behaviour in D3. Colour-scaled differential
conductance versus Vicand Vy;,, at fixed Vi, = Vi, =4 V, showing single-electron
charging behaviour (a). Close-up of the box ina (white dotted line), highlighting the
excited states (green arrows) and lead states (blue arrow) (b). c-e, Franck-Condon
blockadein D6. Colour-scaled differential conductance versus Vi and Vj;,q

for Ve, = Vs, = 0 V (c). Low-bias conductance is suppressed and the Coulomb
blockade cannot be lifted by V;. Periodic excitations (white arrows) appear
within the conductive regime at positive and negative biases. NDC appears in
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some regions (green colour). d, Schematic of the Franck-Condon model for
strong electron-phonon coupling A, with N (blue curve) and N +1 (green curve)
electronsinthe QD. The tunnelling electron shifts the equilibrium coordinate
of the phonon harmonic oscillator by an amount proportional to A, thereby
exponentially suppressing the transition between the vibrational ground
states of the Nand N + 1charge states. e, Differential conductance measured for
Vig=2.48 Vand Vg, = Vi, = 0 V. The representative fit of the maxima with the
Franck-Condon progression (equation (1)) enables us to extract the coupling
asA=2.65.

Coulomb diamonds are observed with strong variations in the addition
energies, ranging from 33 to 110 meV. Although for top-down GNRs,
the strong variation in addition energies may be a sign of disorder
caused by localized states in the edges, bottom-up GNRs naturally
possess this variation as a result of strong quantum confinement®.
Aclose-up of the boxed regionin Fig. 3a (Fig. 3b) shows a well-resolved
SET regime with multiple resonances that run parallel to the edge of
the diamond (Fig.3b, green arrows). For the SET regime around a gate
voltage of 4 V, the excited states at positive and negative biases are
located at 25 mV and -23 mV (Fig. 3b, green arrows), respectively. We
attribute these resonances to the presence of vibrational modesin the
nine-atom-wide armchair graphene nanoribbons (9-AGNRs), which
are discussed further later. To confirm the conductive nature of the
electrodes due tothe absence of abandgap, we measured the stability
diagraminadifferent transportregime by applying side-gate voltages
of Vg, = Vg, = 0V, yielding qualitatively similar results (Supplementary
Section3.1).

Inaddition to the excited states, we observe additional resonances
that we attribute to the modulation of the DOS in the SWNT leads™*
(Fig. 3b, blue arrow). These states can be distinguished by their slope
AVyi./ AVigin the stability diagram, which is different from the slopes
of the edge of the SET regime. The origin of such a slope difference

is the different gate couplings of the FG to GNRs and SWNT leads.
Additionally, we observe several Coulomb diamonds (Fig. 3a) that do
not have a crossing point at each of their sides, for example, at V;; of
~3.0, ~4.4 and ~5.4 V. This may be due to the mixing of the lead states
with QD states®, but may also come from disorder—either intrinsic
to the GNR or induced by the environment®. Although for top-down
GNRs, asubstantial portion of the disorder originates from the uncon-
trolled edges that possess localized edge states, bottom-up 9-AGNRs
are atomically precise and do not have such localized edge states.
However, disorder from the environment (such as residues, possible
defects in the SWNT electrodes, charge traps in the oxide and so on)
is very challenging to avoid and may explain the few non-closing and/
or deformed diamonds. Supplementary Section 3.2 discusses two
additional devices (D4 and D5) with M-SWNT leads are shown, with a
qualitatively similar behaviour.

Figure 3c-e showsthe transport datafor D6 with a pair of M-SWNT
leads. Although D6 has asimilar fabrication process as D3, D4 and D5,
richer physics is observed. Figure 3¢ shows a stability diagram for
fixed Vg = Vs, = 0 V. In the given Vi ranges, Coulomb diamonds are
observed, possessing several notable features. First, quasi-periodic
lines (Fig. 3¢, white arrows) running parallel to the edges of the Cou-
lomb diamonds are observed when V;;,, > 60 meV and V;;,, < -60 meV.
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The energy spacing between these excited states is AE =29 meV on
average. Second, conductance is highly suppressed in the low-bias
regime approximately between +60 and -60 meV present in all the
probed diamonds. Third, in some regions, negative differential con-
ductance (NDC) appears in between resonances (Fig. 3¢, green). We
attribute these three features to phonon-assisted tunnelling transport,
enabled by a strong electron-phonon coupling in our GNR junction,
asdiscussed in more detail below.

Similar quasi-periodicresonances have been previously attributed
tothe excitation of vibrational modes, as observed in single-molecule
transistors®*™’ and suspended SWNTs***', The zero-bias conduct-
ance suppression may originate from the Franck-Condon blockade
effect®****2, which occursin cases of strong electron-phonon coupling
(A>1) (Fig. 3d). Here sequential electron tunnelling is strongly sup-
pressed due to the exponentially small overlap of the harmonic oscilla-
tor wavefunctions of the different charge states, and charge transport
canonly occur whenthebiasis large enough to overcome the phononic
energy difference by exciting phonons. To extract the electron-pho-
non coupling A, we study the d//dV versus Vy;,, at a fixed Vi =2.48V
(Fig. 3e). By fitting the maxima of d//dV with the Franck-Condon
model (Methods), 1is determined to be 2.65. The average 1 value
obtained fromanother four d//dVtraces at different transport regimes
is2.66 + 0.09 (Supplementary Section 3.3). Overall, the A value is sym-
metric withrespect to thebias polarity and independent of the charge
state, which is consistent with a phononic origin. Another interesting
feature of the data is the appearance of the NDC (Fig. 3c). Such NDC
regions have previously been associated with electron-phononinter-
actions, according to theoretical*** and experimental*** studies.
Importantly, the three abovementioned transport features require a
strong electron-phonon coupling, as well as the presence of a single
QDinthejunctionarea.

To determine the position of the QD along the SWNT-GNR-SWNT
channel, we measured the current as a function of multiple gates and
extracted the relative gate couplings as &pg:&tsg:0sq, = 1.00:0.81:0.29.
Supplementary Section 3.4 provides more details of the analysis of gate
coupling. Based on this and the position of the gates with respect to the
SWNT-GNR-SWNT channel, we conclude that the QD is formedin the
GNR, rather thanin the SWNT leads. Finally, we extract the electronic
coupling of the GNR to the SWNT electrode and find values inthe range
of 4.9-7.7 meV. Supplementary Section 3.5 provides a description of
how the coupling is obtained.

Electron and phonon properties of 9-AGNRs

To rationalize the charge transport measurements, particularly to
identify the origin of the resonances observed in the SET regime of
devicesD3and D6, we performed quantum chemistry calculations. We
initially compute the electronand phonon band structures by perform-
ing periodic density functional theory (DFT) calculations of a9-AGNR
unit cell (Methods). To account for the quantum confinement effect in
afinite-length 9-AGNR of 60 nm, we discretize the two band structures
and obtainthe corresponding energy levels*®. Figure 4a shows asche-
matic of the 9-AGNR, alongside the calculated electronic band structure
and DOS (Fig. 4b). The plot displays a semiconducting behaviour with
abandgap of 796 meV, in agreement with previous electronic band
structure calculations*. The red crosses on the band structure graph
correspond to the discretized energy levels of the 9-AGNR. From the
energy-level spectrum, we create a histogram of the energy differences
of adjacent energy levels for the selected ka values (Fig. 4¢).

The plot shows that for all ka values combined, most of the energy
spacings are on the order of hundreds of millielectronvolts up to elec-
tronvolts, with hardly any countsin the tens of millielectronvolt range,
and no counts between 22 and 34 meV (Fig. 4c, inset). Similar energy
spacings are also observed when the GNR is contacted with SWNT
electrodes (Supplementary Section 4). Figure 4d shows the calculated
phonon band structure and corresponding DOS for energies up to
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Fig. 4 |Electron and phonon properties of 9-AGNRs. a, Molecular structure

of a9-AGNR. b, Electron band structure of 9-AGNR and the corresponding DOS.
The energy scale is within +4 eV. ¢, Histogram of electron energy-level spacing of
9-AGNR determined by the energy differences of neighbouring bands at various
kavalues (red crossinb). The inset presents azoomed-in view of the 20-40 meV
region. d, Phonon band structure of 9-AGNR and the corresponding DOS. The
energy scale is within 0-60 meV. e, Histogram of phonon energy of 9-AGNR
determined by the energies of different bands at various ka values (red cross
ind). The discretization of all the energy bands® for ka = [0, ] is performed using
Aka=2m/N=0.251, where N=25.

60 meV, including the discretized values and a histogram of all the
vibrational modes (Fig. 4e). The histogram possesses tens of modes
in the 20-30 meV range, which is comparable with the experimen-
tally observed values of 23-25 meV for device D3, and more than one
order of magnitude smaller than the typical level spacings computed
for electrons*® (Fig. 4c). From the absence of electronic energy spac-
ings in the 22 to 34 meV range (Fig. 4c) and the dense population of
vibrational modesin the same range, we attribute the excited statesin
device D3 to vibrationalmodes. This observationis alsoinline with the
observed equidistant resonances and low-bias gap in device D6 being
caused by Franck-Condonblockade. Indeed, the observed equidistant
energy spacing AE (-29 meV) is consistent with the low-energy regime
(20-40 meV) where many vibrational modes exist.

Multigate devices with S-SWNT leads

We next studied devices with S-SWNTs, for which the electronicstruc-
ture is expected to be substantially more tunable with side-gate volt-
age than for M-SWNTSs. The transport measurements on device D7
with semiconducting electrodes are showninFig. 5. Figure 5a displays
the current as a function of V5, and Vi, for a fixed V4;,,=100 mV and
Vi =0 V. This current map shows that the leads are conductive whena
negative voltage (p side) isapplied to either of the side gates, whereas
transport is suppressed for a positive voltage. This large tunability
is adirect consequence of the semiconducting nature of the SWNT

Nature Electronics | Volume 6 | August 2023 | 572-581

576


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-023-00991-3

D7 (S-SWNT leads)
a

gap-p gap-gap

VBias (V)

Ve (V)

Fig. 5| Electron transportin 9-AGNR transistors (D7) with S-SWNT leads.

a, Colour-scaled current versus Vs, and Vg, at fixed Vg, =100 mVand Vi =0 V.
The four sketches on the four cornersillustrate the band diagrams of four
different regimes for the SWNT electrodes (from left to right): p-p, p-gap, gap-p
or gap-gap. The four coloured dots mark the positions of (Vsg,, Vsc,) settings

for the measurementsin c. b, Evolution of electrical transport (current) as a
function of Vi, Vg, and Vi, (left). Nine colour-scaled current maps are shown
inthe three-dimensional plot: map of current versus Vg, and Vg, at Vig=0V

and V4, =100 mV (also shown ina); maps of current versus Vg and Vs, at five
different Vg, values of -4,-2,0,2and 4 V, and V;;,, = 50 mV; maps of current
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versus Vi and Vg, at three different Vg, values of -4, 0 and 4 V, and V;;, =50 mV.
Two example maps as edge highlighted by the blue dashed line and yellow dashed
linein the left three-dimensional plot (right). Current versus Vi and V¢, values

at Vg, = -4 V (topright); current versus Vg and Vg, at Vg, = -4 V (bottomright).
¢, Colour-scaled differential conductance versus Vi and Vg, for different (Vyg,,
Vsc,) settings as per their position marked by the four coloured dots in a—from
lefttoright: (-1.0V,-1.0V),(-0.6 V,0.6 V), (-0.4 V,0.4 V) and (1.0 V, 1.0 V). Several
resonances with two different slopes are marked with grey or yellow arrows.

d, Differential conductance versus Vj;,, cut along Vi =2.7 Vin the four maps
shown in ¢ (as marked by the four coloured arrows on top of the maps).

electrodes. Asaresult, depending on the combination of SG voltages,
the device canbe tunedin four different transport regimes: p-p, p-gap,
gap-p or gap-gap. Here, in each regime, either of the two electrodes
is selectively switched off/on, as illustrated by the schematic of the
four energy diagrams.

Inadditionto these four mainregimes, some fine structureinthe
form of closely located, predominantly horizontal, resonances are
observedinthe p—pregimes (we note that some of them extend to the
p-gapregime), as well assome weaker, vertical resonances. To investi-
gate the origin of these resonances in more detail, Fig. 5b presents the
evolution ofthe current and changing Vi, Vs and Vyg,. This allows us
to determine the coupling of each of the observed resonances to the
different gates. For the V;;—Vy; map at negative Vg, of -4 V, arange
of resonances is observed for negative voltages on SG1, with a much
stronger coupling to SG1 than to FG. When gradually increasing Vsc,,
theresonances gradually fade out and at V5, =4 V, most of them have
disappeared. Similar resonances are observed in the Vi;— Vs, maps,
alsowithastronger coupling to the side gate. From the much stronger
coupling of the resonances to SG1(SG2) than to FG, we conclude that
these resonances originate from states in the S-SWNT electrodes.

To further investigate charge transport through the S-SWNT-
GNR-S-SWNT device, we record maps of differential conductance
versus Vg, and Vi for four combinations of (Vyg,, Vse,) (Fig. 5¢). The
side-gate voltages at which the maps have been recorded are high-
lighted with coloured dots (Fig. 5a). The voltages were chosen such
that the transport through the device gradually transitions from the
p-ptothegap-gap regime of SWNT electrodes. Several characteristic
features are observed in the d//dV map of Vi, = Vi, = -1V. For bias
voltages below 50 mV, the current is suppressed. In the bias regime
above 50 mV, current is flowing and two typical resonances are
observed:first, resonances that are highly affected by V;; (referred to as
FG-dependent resonance, with arepresentative highlighted by the dark
gray arrow in Fig. 5¢); second, resonances that are mostly unaffected by
FG (FG-independent resonance), resulting in predominantly horizontal
linesinthe d//dVmaps (Fig. 5d, light grey arrows). For Vg, = Vi, =-0.6 V,
the low-bias gap slightly increases. Moreover, the FG-independent
resonances in the negative-bias regime have mostly disappeared,
whereas for the resonances in the positive-bias regime, the separation
hasincreased. Atthe same time, the FG-dependent resonances remain
mostly unaffected by the side-gate voltages. For Vs, = Vi, =-0.4V,

Nature Electronics | Volume 6 | August 2023 | 572-581

577


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-023-00991-3

the low-bias gap is further increased and the FG-independent reso-
nances mostly disappear for both negative- and positive-bias regimes.
On the other hand, the FG-dependent ones, although still present,
have reduced inintensity. Finally, for Vg, = V55, =1V, the low-bias gap
increases to 100 mV and the FG-independent resonances are absent,
whereas the FG-dependent resonances have greatly reduced their
intensity. Similar resonances are also observed in another device (D8)
(Supplementary Section 3.6). To better visualize the effect of the side
gates, Fig. 5d presents the d//dV map as a function of Vj;, at a fixed
Vic=2.7 Vand also shown for four different SG settings (Vsg,, Vsg,) set-
tings (Fig. 5¢). Here the widening of the low-bias gap with increasing
side-gate voltagesis clearly visible, as well as the multiple resonances
for Vi = Vs, =-1.0and -0.6 V. The spacing between the peaks varies
between 24 and 39 mV.

Based on the multiple FG-dependent measurements we have per-
formed, we attribute the FG-dependent resonances to states associated
with the discrete energy levels of the GNR QD, as the FG is expected to
couple more strongly to the GNR QD due to its close proximity. Con-
versely, the resonances that are largely unaffected by the FG originate
from modulations in the DOS of the S-SWNT leads. This is in line with
our previous observationsin Fig. 5a,b. These lead states could originate
either fromthe pristine S-SWNT or from localized states due to the pres-
ence of defects and other local barriers*®, Based on the evolution of the
FG-independent resonances with Vg, and Vg, (Fig. 5¢), we are able to
pinpoint that the transition from the bandgap to valence band of the
S-SWNT electrode occurs between -0.6 and -0.4 V for both V¢ and
V.. Thetransition positions have been marked by white dashed lines
inFig.5a,b. The position of the lead statesis tunable by the SGs, which,
inaddition, also have the two following effects. First, the conductance
through the S-SWNT is suppressed as the S-SWNT is being switched off.
Second, when the resistance of the electrodes becomes comparable
with that of the QD, the systems act as a voltage divider, with part of
the bias voltage dropping across the electrodes themselves. Asaresult,
the effective voltage across the QD is reduced and the low-bias gap
increases (Fig. 5¢). Finally, we notice that the FG-dependent resonances
have predominantly positive slopes. We attribute this behaviour to
asymmetric tunnelling rates between the GNR QD and leads.

Overall, by comparing M-SWNTs and S-SWNTs as electrode materi-
als, we find that M-SWNTs have a clear advantage over the latter. First,
nobandgapis present and the contacts can, therefore, not be switched
off. In addition, devices with M-SWNT electrodes possess fewer sig-
natures of the electrodes themselves in charge transport measure-
ments. Moreover, M-SWNTs have beenrecently shown to be promising
candidates for low-contact-resistance devices with two-dimensional
semiconductors as the channel”. However, in our measurements, the
formation of QDs points towards the presence of alarge barrier at the
SWNT-GNR interface. This manifests itself in currents that are up to
tens of nanoamperes at 100 mV, about an order of magnitude lower
than for GNRs contacted using palladium electrodes®. Forimproving
the contacts, the use of intercalated metal adatoms between the two
1-systems’® may be required. Finally, we note that even though the
SWNT naturally allows for a single GNR to be contacted, as the films
are grown in high density, we cannot exclude the scenario in which
two GNRs in series are present in the nanogap, each connected to
different electrodes. However, using our multigate architecture, this
scenario can be identified, as it would show the characteristics of a
double-QD system. Supplementary Section 5 presents such a case,
with the observation of the characteristic high-bias triangles present
in the maps of current as a function of Vic and Vi¢,. Importantly, the
bias triangles change direction on areversal of the bias voltage—akey
feature for double-QD systems.

Conclusions
We have reported the contacting of individual on-surface synthe-
sized GNRs using pairs of SWNTs (with diameters as small as 1 nm) as

electrodes. The contacted GNRs exhibit behaviour thatis characteristic
of charge transport through a single QD, such as Coulomb blockade,
excited states of vibrational origin and Franck-Condonblockade. DFT
calculations highlight theimportance of vibrational modes to electron
transportinthe SET regime of the GNR devices. Contacting single, long
GNRsinamultigate architectureisimportant for exploiting their highly
tunable physical propertiesin electronic and spintronic devices. In par-
ticular, GNR applications that require phenomenabased on long-range
effects—such as spin chains® or the creation of topological bands due
to the periodic placement of edge extension along the GNR backbone*—
could benefit from the SWNT contacting method. These effects are
promising for quantum technologies, such as quantum computing,
quantum communication and energy conversion.

Methods

Fabrication and characterization

The deviceis fabricated as follows. First,a100-nm-wide FG s fine pat-
terned alongside the two side gates (SG1and SG2). These gates consist
of 5/15 nm of Cr/Pt and are covered by a 30 nm Al,O; layer deposited
using atomic layer deposition acting as the gate dielectric. Alarge-area
quartz crystal (4 x 6 mm?) is used to synthesize a uniaxially aligned
array of SWNTSs, which is transferred on top of the aluminium oxide
of'the device chip using a wet-transfer method. The SWNT transistors
are then fabricated by depositing a periodic array of metallic pads
(3/50 nm of Cr/Pd) to contact the SWNTs. The overall channel length
between the two metal electrodes is 2.5 pm. As the width of the metal
contacts (10 um) is comparable with the average separation distance
between the SWNTSs, we assume that most of the as-fabricated tran-
sistors contain only a single SWNT. Then, nanogaps of 15-25 nm are
formed in the SWNTs using an optimized EBL process in combination
with reactive ion etching. Here the electrode separation (15-25 nm)
was set to be large enough to eliminate direct tunnelling contributions
between the electrodes, but much smaller than the average length of
9-AGNRs. Finally, a dense array of uniaxially aligned 9-AGNRs is grown
onaAu(788) substrate and transferred on top of the device’. The integ-
rity of 9-AGNRs and their alignment with respect to the source-drain
axis were confirmed using polarization-dependent Raman spectros-
copy. Supplementary Sections 1.1 and 1.2 provide a more detailed
description of the fabrication process.

Note that devices with both global back-gate architecture and
multigate architecture were fabricated in thiswork. The electrical char-
acterizations were performed at four different steps during the device
fabricationusing d.c. measurement techniques. First, after patterning
electrode arrays in the transferred SWNT area, the gate-modulated
electrical conductivity for each defined channel was measured. The
purpose here wasto screenthe SWNT transistors and to determine the
electrical properties of SWNTs at each transistor. Second, after forming
thenanogaps on SWNT by EBL, the SWNT transistors were electrically
characterized to ensure a clear separation between the electrodes.
Devices with currents greater than 20 pA at Vy;,, =1V were excluded
from further characterization. Third, after the transfer of GNRs on
SWNT electrodes, electrical measurements were performed to find
devices bridged by GNRs, which were selected for low-temperature
measurements. The electrical measurements for the first, second and
third steps were performed at room temperature using an automatic
probestation. Fourth, the preselected GNR devices were measured at
alow temperature under vacuum conditions (<10~ mbar). The global
back-gate devices (D1and D2) were measured ina commercially avail-
able cryogenic probe station (Lake Shore Cryogenics, model CRX-6.5K)
at a base temperature of 9 K and the multigate devices (D3-D8) were
measured inacommercially available *He refrigerator (Oxford Instru-
ments, model HelioxVL) at abase temperature of 255 mK. A data acqui-
sitionboard (ADwin-Gold I, Jager Computergesteuerte Messtechnik)
isused toapply the bias and gate voltages and read the voltage output
of the current-voltage converter (DDPCA-300, Femto Messtechnik).
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All the devices were measured in a two-terminal setup, where we
applied abias voltage and measured the current, from which the differ-
ential conductance was calculated by taking the numerical derivative.

SWNT growth, transfer and nanogap formation

The catalyst precursor was Fe(OH),/ethanol solution with a concen-
tration of 0.05 mol I and the growth substrate was ST-cut quartz
(single-side polished; miscut angle, <0.5°; surface roughness, <5 A).
After cleaning, the quartz substrates were annealed at 90 °Cin air for
8 h for better crystallization. Before growth, the catalyst precursor
was spin coated onto the substrates at a speed of 2,500 r.p.m. Then,
the quartz substrates with a dispersed catalyst precursor were put
into a one-inch tube furnace and heated in air to 830 °C. After the
system was purged with 300 standard cubic centimetres per minute
(s.c.c.m.) argon for about 10 min, a flow of hydrogen (200 s.c.c.m.)
was introduced for 8 min to reduce the catalyst precursor to form Fe
catalyst nanoparticles. Then, an extra argon flow (-50-150 s.c.c.m.)
through an ethanol bubbler was introduced for the growth of SWNT
arrays for about 15 min. After the growth, the tube was cooled toroom
temperature with argon gas protection. The density of the grown SWNT
arrays could be adjusted by the flow rate of ethanol.

Thetransfer of SWNT arrays fromthe quartz substrate to the target
substrate was conducted with the assistance of poly(methyl meth-
acrylate) (PMMA). In detail, PMMA (M,, = 950,000) was spin coated
onto the SWNT arrays at a speed of 3,000 r.p.m. and was heated to
150 °Cforabout 15 min. The PMMA film and encapsulated SWNT arrays
were separated from the quartz substrate in a KOH aqueous solution
(1mollI™,70°C). Then, the PMMA/SWNT film was attached to the target
substrate and cleaned by ultrapure water. After drying at 60 °C for
about 3 h, most ofthe PMMA was removed by hot acetone. The residual
PMMA was further removed by decomposing at 450 °Cinanargon and
hydrogen atmosphere for 2 h.

To define the SWNT nanogaps, a 60-nm-thick CSAR resist
(ARP 6200.04, Allresist) was spin coated. Following the second
electron-beam exposure, the resist was developed using a suitable
developer (AR 600-546, Allresist) at room temperature for 1 min fol-
lowed by isopropyl alcohol rinse. Reactive ion etching (15 s.c.c.m. Ar,
30s.c.c.m.0,,25W,18 mtorr) for12 swas used to cut the SWNT segment
within the CSAR gap. After reactive ion etching, the etching mask was
removed by immersingin 1-methyl-2-pyrrolidinone (Sigma-Aldrich) at
room temperature for 10 min followed by 60 minat 80 °C, cooled down
for 30 min, rinsed with isopropyl alcohol and blown dry with N,. This
approachyields cleanand well-separated SWNT electrodes (15-25 nm
nanogaps). A similar process has been used to make clean graphene
nanogaps, as reported elsewhere®.

Characterization of SWNT nanogaps

Theseparation of SWNT electrodes (gap size) was assessed using scan-
ningelectron microscopy (Helios 450, FEI), and a high-resolution AFM
instrument (Icon, Bruker) was employed to determine the electrode
separation. The AFM instrument was equipped with a sharp cantile-
ver (tip radius, 2 nm) (SSS-NCHR-20, Nanosensors) operated in the
soft-tapping mode. The gap size is typically between 15 and 25 nm.

On-surface synthesis of aligned 9-AGNRs and transfer to
device substrate

The 9-AGNRs were synthesized from 3',6'-diiodo-1,1':2',1"-terphenyl
(DITP)*2. Using a Au(788) single crystal (MaTeK) as the growth substrate
results in uniaxially aligned 9-AGNRs (GNRs grown along the narrow
Au(111) terraces)*. The Au(788) surface was cleaned in an ultrahigh vac-
uum by two sputtering/annealing cycles: 1kV Ar* for 10 min followed
by annealing at 420 °C for 10 min. Next, the precursor monomer DITP
was sublimed onto the Au(788) surface froma quartz crucible heated to
70 °C, with the substrate held at room temperature. After the deposi-
tion of about 60-70% of one monolayer of DITP, the substrate was

heated (0.5 K s™) to 200 °C with a 10 min holding time to activate the
polymerization reaction, followed by annealing at 400 °C (0.5 K s with
a10 min holding time) to form the GNRs via cyclodehydrogenation.
Theaverage GNRlengthis between 40 and 45 nm (ref. 52). The 9-AGNRs
were transferred from their growth substrate to the silicon-based
substrates with predefined SWNT electrodes by an electrochemical
delamination method using PMMA, as described previously®*>**,

Determination of electron-phonon coupling using
Franck-Condon principle

Fromthe Franck-Condon principle, the transition probability from the
Nstate to the N +1charge state is given by the Franck-Condon factor®:

max

oo ()
m

e
av

m!

, @®

where mis the difference in phonon quantum numbers.

Computational methods

The optimized geometry, ground-state electron Hamiltonian and over-
lap matrix elements, as well as the phonon dynamical matrix of each
structure studied in this paper, were self-consistently obtained using
the SIESTAimplementation® of DFT. SIESTA employs norm-conserving
pseudopotentialsto account for the core electrons and linear combina-
tions of atomic orbitals to construct the valence states. The generalized
gradient approximation of the exchange-correlation functionalis used
withthe Perdew-Burke-Ernzerhof parameterizationand adouble-zeta
polarized basis set, a real-space grid defined with an equivalent
energy cut-off of 250 Ry. The geometry optimization for each struc-
ture is performed to forces smaller than 20 meV A™. For the electron
band structure calculation, the structure was sampled by a1x1x 20
Monkhorst-Pack k-point grid and assigned periodic boundary condi-
tions in the z direction. For phonon band structure, we first displace
each atom by 0.01 A from their relaxed geometry in the positive and
negative x, y and z directions and calculate the force matrix for each
geometry. We used the VIBRA package of SIESTA to calculate the pho-
non band structure from the constructed force matrices. The discre-
tization of all the energy bands* for ka =[0, t] has been performed
using Aka =2m/N = 0.251. To calculate the electron transmission coef-
ficient T(E), the mean-field Hamiltonian of 9-AGNRs with different
lengths between SWNT electrodes were obtained from the converged
DFT calculation and combined with GOLLUM®**° implementation of the
non-equilibrium Green’s function method. Supplementary Section 4
discusses the transmission through 9-AGNRs with SWNT electrodes.

Data availability

The datathat support the findings of this study are available via Zenodo
at https://doi.org/10.5281/zenodo.7987323. Other data that support
thefindings of this study are available from the corresponding authors
uponreasonable request.
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